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1RZDGD\V UHF\FOLQJ LV RQH RI WKHPRVW LPSRUWDQW NH\ZRUG WR UHGXFH SURGXFWFRVWV ,Q YLHZ RI WKLV WKHUPRSODVWLFV DUH YHU\
DWWUDFWLYH PDWHULDOV IRU WKHLU UHF\FOLQJ IHDVLELOLW\ ,Q WKLV SDSHU WKH VWDWLF EHKDYLRXU WKH IDWLJXH EHKDYLRXU DQG WKH GDPDJH
HYROXWLRQ RI GLIIHUHQW SRO\SURS\OHQH FRPSRXQGV FKDUDFWHULVHG E\ GLIIHUHQW IUDFWLRQV RI UHF\FOHGPDWHULDO ZHUH LQYHVWLJDWHG
7KHLUIDWLJXHQRWFKVHQVLWLYLW\ZDVDQDO\VHGDVZHOO
7HQVLOH VWDWLF DQG IXOO\ UHYHUVHG IDWLJXH WHVWVZHUH FDUULHGRXWRQ WKUHHGLIIHUHQWPDWHULDO V\VWHPV QDPHO\ DZWFDOFLXP
FDUERQDWHILOOHGSRO\SURS\OHQH33DZWFDOFLXPFDUERQDWHILOOHGSRO\SURS\OHQHFRQWDLQLQJUHF\FOHG33DQGDZW
FDOFLXPFDUERQDWHILOOHGUHF\FOHGSRO\SURS\OHQH7KHQRWFKVHQVLWLYLW\ZDVLQYHVWLJDWHGRQGRXEOHHGJHQRWFKHGVSHFLPHQV
PDFKLQHG IURP PPWKLFN LQMHFWHG PRXOGHG SODWHV 7KUHH GLIIHUHQW QRWFK JHRPHWULHV ZHUH DQDO\VHG QDPHO\ D  PP
VHPLFLUFXODU QRWFK UDGLXV D PP8QRWFK UDGLXV DQG D PP9QRWFK UDGLXV'XULQJ WKH H[SHULPHQWDO WHVWV WKH GDPDJH
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VLJQLILFDQWO\ORZZHLJKWWRVWUHQJWKUDWLR5HFHQWO\FRVWUHGXFWLRQZDVSXUVXHGHLWKHUE\LQWURGXFLQJLQWKHPDWHULDOD
IUDFWLRQRIUHF\FOHG33RUXVLQJWRWDOO\UHF\FOHG33:KLOHIRUFRQYHQWLRQDOFDOFLXPFDUERQDWHILOOHG33VRPHSDSHUV
DUH DYDLODEOH LQ OLWHUDWXUH GHDOLQJZLWK LWV IDWLJXHEHKDYLRU DQGGDPDJHPHFKDQLVPV>@ LQ DXWKRUV¶ NQRZOHGJH
ODFNRILQIRUPDWLRQFRQFHUQLQJWKHIDWLJXHEHKDYLRURIILOOHGUHF\FOHG33H[LVWVDQGSDUWLFXODUO\GHDOLQJZLWKIDWLJXH
QRWFKVHQVLWLYLW\,QWKLVSDSHUWKHVWDWLFDQGIDWLJXHEHKDYLRXUDQGWKHGDPDJHHYROXWLRQRIGLIIHUHQWSRO\SURS\OHQH
FRPSRXQGV FKDUDFWHULVHG E\ GLIIHUHQW IUDFWLRQV RI UHF\FOHGPDWHULDO ZHUH LQYHVWLJDWHG )DWLJXH QRWFK VHQVLWLYLW\


























































LQ D   UDQJH ZLWK UHVSHFW WR WKH UHOHYDQW SODLQ PDWHULDO 7KH IDWLJXH WHVWV ZHUH FRQGXFWHG E\ LPSRVLQJ D
VLQXVRLGDOZDYHIRUPFKDUDFWHULVHGE\DQRPLQDOVWUHVVUDWLR5VGHILQHGDVWKHUDWLREHWZHHQWKHPLQLPXPDQGWKH
PD[LPXPVWUHVVHTXDOWR7RPDLQWDLQWKHVSHFLPHQ¶VWHPSHUDWXUHLQWKHUDQJHIURPWR&WHVWIUHTXHQFLHV
EHWZHHQ DQG+]ZHUH DGRSWHG GHSHQGLQJRQ WKH DSSOLHG VWUHVV OHYHO6XUIDFH WHPSHUDWXUHRIPDWHULDOVZDV
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PRQLWRUHGE\IL[LQJPPGLDPHWHUFRSSHUFRQVWDQWDQWKHUPRFRXSOHVDW WKHQRWFKWLSXVLQJDVLOYHUORDGHG




ZLWK DN1 ORDG FHOO DQGDPPJDXJHOHQJWK)076H[WHQVRPHWHU)LQDOO\ WKH VWDWLF DQG IDWLJXH





7DEOH  IRU SODLQ DQG QRWFKHGPDWHULDO UHVSHFWLYHO\ ,W LV ZRUWK QRWLQJ WKDW LQ WKH FDVH RI ($PDWHULDO WKH
VSHFLPHQV¶ VHSDUDWLRQKDVQHYHUEHHQ UHDFKHG LQ IDFWGXH WR WKHLUKLJKGXFWLOLW\ WKH DYDLODEOH VWURNHRI WKH WHVW
PDFKLQH DFWXDWRU  PP ZDV QRW VXIILFLHQW WR VHSDUDWH WKH VSHFLPHQV 0RUHRYHU LQ WKH FDVH RI 5 DQG
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&KDUDFWHULVWLFH[DPSOHVRIHQJLQHHULQJVWUHVVVWUDLQFXUYHVRIWKHGLIIHUHQWPDWHULDOVDUHVKRZQLQ)LJDDQGLWLV
VHHQ WKDWV\ GHFUHDVHV DV WKH IUDFWLRQ RI UHF\FOHG 33 LQFUHDVHV WKH ORZHVW YDOXH RI HEZDV UHJLVWHUHG IRU5
PDWHULDO 7DEOH  VKRZV D  UHGXFWLRQ RI WKH HODVWLF PRGXOXV ( E\ FRQVLGHULQJ WKH IXOO\ UHF\FOHG 5
PDWHULDODVFRPSDUHGWRWKH($
)RU HDFKQRWFKJHRPHWU\ 'OLQHDUHODVWLF ILQLWH HOHPHQW DQDO\VHVZHUH SHUIRUPHG WR HYDOXDWH WKH QHWVHFWLRQ
WKHRUHWLFDO VWUHVV FRQFHQWUDWLRQ IDFWRU .W DQG LW ZDV IRXQG.W  .W  DQG.W  IRU 9 5 DQG 5
VSHFLPHQ UHVSHFWLYHO\ 7KH VWDWLF QRWFK VHQVLWLYLW\ LV KLJKOLJKWHG LQ )LJV EG ZKLFK FRPSDUH WKH VWUHVVVWUDLQ
FXUYHVIRUDJLYHQPDWHULDO,WLVZRUWKQRWLQJWKDWWKHVWUDLQZDVPHDVXUHGE\IL[LQJWKHH[WHQVRPHWHUV\PPHWULFDOO\
ZLWK UHVSHFW WR QHW VHFWLRQ RI WKH VSHFLPHQ 7KHUHIRUH DQ DYHUDJH YDOXHZDVPHDVXUHG WKDW FDQ EH XVHIXO IRU D
qualitative FRPSDULVRQZLWKWKHUHOHYDQWHQJLQHHULQJVWUDLQREWDLQHGIURPSODLQPDWHULDO2QHFDQVHHWKDW IRUDOO
PDWHULDOV DQDO\VHG LQ WKLV SDSHU V\ VOLJKWO\ LQFUHDVHV DV WKH QRWFK UDGLXV LQFUHDVHV WKH WHQGHQF\ EHLQJ PRUH
SURQRXQFHG LQ WKH FDVH RI 5PDWHULDO ZKHUH D  LQFUHDVHZDV UHJLVWHUHG E\ FRPSDULQJ9 DQG 5
JHRPHWULHV
7DEOH6WDWLFPHFKDQLFDOSURSHUWLHVRIWHVWHGSODLQPDWHULDOV
0DWHULDO (MPa V\MPa VEMPa HE
($    
5    
5    !
7DEOH6WDWLFPHFKDQLFDOSURSHUWLHVRIWHVWHGQRWFKHGPDWHULDOVVWUHVVHVDUHUHIHUUHGWRWKHQHWVHFWLRQ
0DWHULDO *HRPHWU\ V\MPa VEMPa HE
($ 9   
5   
5   !
5 9   
5   
5   
5 9   
5   
5   
'DPDJHHYROXWLRQXQGHUWHQVLOHVWDWLFWHVWV
7KH PDWHULDO GDPDJH HYROXWLRQ XQGHU WHQVLOH ORDG ZDV DQDO\]HG RQ VSHFLPHQ VXUIDFH DV ZHOO DV DORQJ LWV
WKLFNQHVVE\XVLQJD1LNRQ'GLJLWDOFDPHUDDQGD$0=7'LQR/LWHGLJLWDOPLFURVFRSHUHVSHFWLYHO\7KH
IRUPHUZDVSODFHGLQIURQWRIWKHVSHFLPHQ¶VVXUIDFHKHUHDIWHUODEHOHGDV³IURQWYLHZ´WKHODWWHUFDSWXULQJRQHVLGH
RI WKH VDPSOH KHUHDIWHU UHIHUUHG DV ³ODWHUDO YLHZ´ ($B5 ($B9 5B5 DQG 5B9
VSHFLPHQ¶V JHRPHWULHV ZHUH WHVWHG 7KH HQJLQHHULQJ VWUHVVVWUDLQ FXUYHV UHJLVWHUHG GXULQJ VXFK GHGLFDWHG WHQVLOH





GDPDJH HYROXWLRQ LV GHVFULEHG UHIHUULQJ WR 5B5 VSHFLPHQ RQO\ )LJV  DQG  *LYHQ WKH DGRSWHG
H[SHULPHQWDOVHWXSWKHILUVWYLVLEOHVLJQRIGDPDJHZDVGHWHFWHGIRUDQDSSOLHGQHWVWUHVVFRUUHVSRQGLQJWRV\ 
03D DQG LW ZDV FKDUDFWHUL]HG E\ PDWHULDO ZKLWHQLQJ DURXQG WKH QRWFK WLS FOHDUO\ GHWHFWDEOH E\ WKH QDNHG H\H
REVHUYDWLRQRIWKHVSHFLPHQ¶VVXUIDFHVLPLODUO\WRWKDWZDVREVHUYHGLQ>@LQWKHFDVHRIFUDFNHGVSHFLPHQVVHH
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)LJEDQG)LJD6XEVHTXHQWO\E\PRQLWRULQJWKHQRWFKWLSIURPWKH³ODWHUDOYLHZ´GDPDJHZDVFKDUDFWHUL]HG
E\WKHIRUPDWLRQRISRUHVDWWKHQRWFKWLS)LJEZKLFKJURZDQGFRDOHVFHWRIRUPDODUJHUYRLG)LJF7KH























D    
)LJ  D (QJLQHHULQJ VWUHVVVWUDLQ FXUYHV RI WKH VSHFLPHQV WHVWHG IRU WKH GDPDJH DQDO\VLV XQGHU WHQVLOH VWDWLF ORDG IUDFWXUH VXUIDFHV RI
E($B5F($B9G5B5DQGH5B9

    
DH VQ 03D EH VQ 03D FH VQ 03D GH VQ 03D HH VQ 03D
)LJ5B5GDPDJHHYROXWLRQGXULQJDWHQVLOHVWDWLFWHVW³IURQWYLHZ´
  
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)DWLJXHWHVWUHVXOWV
7KHUHVXOWVRISXVKSXOOD[LDOIDWLJXHWHVWVDUHVKRZQLQ)LJD)LJEDQG)LJFIRU($5DQG5

















































































IDFWRUGHILQHGDV WKH UDWLREHWZHHQ WKH IDWLJXH VWUHQJWKVDWÂ F\FOHVRISODLQDQGQRWFKHG VSHFLPHQV)RU WKH
($B5DQG($B5VHULHVFRPSDUHGWRWKHUHOHYDQWSODLQPDWHULDO LWZDVIRXQG.I  %\
FRPSDULQJ WKH ZKROH IDWLJXH FXUYHV UHOHYDQW WR ($ PDWHULDO )LJ D LW FDQ EH HDVLO\ VHHQ WKDW WKH QRWFK




FXUYH LVSORWWHG IRUFRPSDULVRQ$V LQ WKHFDVHRI($PDWHULDO WKH5B5DQG5B5GDWDFRXOGEH
FRQVLGHUHG DV D VLQJOH VWDWLVWLFDO SRSXODWLRQ2Q WKH FRQWUDU\ 5B9 GDWDZHUH DQDO\]HG VHSDUDWHO\ ,Q WKH
IRUPHUFDVHLWZDVIRXQGDV$QKLJKHUWKDQWKDWFDOFXODWHGIRUWKHUHOHYDQW($VSHFLPHQ¶VJHRPHWU\











D1  E1 F\FOHVOY F1 F\FOHVOY G1 F\FOHVOY H1 F\FOHVOY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)LQDOO\DW\SLFDOH[DPSOHRIGDPDJHHYROXWLRQLQWKHFDVHRIDUXQRXW($B9VDPSOHLVVKRZQLQ)LJ,Q
WKLVFDVHWKHHDUO\IDWLJXHGDPDJHFRXOGEHGHWHFWHGLQWKHVSHFLPHQ¶VVXUIDFHDQGDSSHDUHGDVPDWHULDOZKLWHQLQJ
DURXQG WKH QRWFK WLS &RQYHUVHO\ IURP WKH ODWHUDO YLHZ WKH ILUVW GDPDJH HYROXWLRQZDV VHHQ DIWHU PRUH WKDQ 











D1 OY E1 F\FOHVOY F1 F\FOHVOY FIURQWYLHZ FHQODUJHGYLHZ
)LJ($B9IDWLJXHGDPDJHHYROXWLRQREVHUYHGDWWKHQRWFKWLSIURP³ODWHUDOYLHZ´OYDQG³IURQWYLHZ´VD 03DUXQRXW
&RQFOXVLRQV
,Q WKLV SDSHU WKH VWDWLF WKH IDWLJXH EHKDYLRXU DQG WKH GDPDJH HYROXWLRQ RI GLIIHUHQW SRO\SURS\OHQH 33
FRPSRXQGVFKDUDFWHULVHGE\GLIIHUHQWIUDFWLRQVRIUHF\FOHGPDWHULDOZHUHLQYHVWLJDWHG7KHQRWFKVHQVLWLYLW\LQERWK
VWDWLF DQG IDWLJXH WHVWVZDV DQDO\VHG DVZHOO &RQFHUQLQJ WKH VWDWLF EHKDYLRXU LWZDV IRXQG WKDW WKH \LHOG VWUHVV
GHFUHDVHV RI DERXW E\XVLQJ IXOO\ UHF\FOHG33 03D DV FRPSDUHG WR WKH RULJLQDO 33 FRPSRXQG 
03D$OO WHVWHGPDWHULDOV UHVXOWHGSUDFWLFDOO\ LQVHQVLWLYH WRQRWFKHV LQ VWDWLF WHVWV HYHQE\FRQVLGHULQJ WKHPRVW
VHYHUHQRWFKHVKDYLQJDWKHRUHWLFDOVWUHVVFRQFHQWUDWLRQIDFWRUHTXDOWRWKHREVHUYHGVWUHQJWKUHGXFWLRQIDFWRU
ZDV FORVH WR 1RWFK LQVHQVLWLYLW\ H[LVWV DOVR LQ KLJK F\FOH IDWLJXH DW OHDVW IRU WKH($PDWHULDO WKH IDWLJXH
VWUHQJWK UHGXFWLRQ IDFWRU HYDOXDWHG DW  PLOOLRQ F\FOHV UHVXOWHG  IRU QRWFKHV KDYLQJ URRW UDGLXV RI  PP
.W DQGPP.W PP)RU5DQG5PDWHULDOVWKHKLJKF\FOHIDWLJXHEHKDYLRXURIWKHPP
DQGPPQRWFKHVUHVXOWHGYHU\VLPLODU VXJJHVWLQJ WKDW WKH\DOVRDUH ORZO\QRWFKVHQVLWLYH7KHPPQRWFKHV
.W H[KLELWHGVRPHKRZDORZHUIDWLJXHVWUHQJWKLIFRPSDUHGWRWKHPRUHVPRRWKO\QRWFKHGVSHFLPHQVZLWK
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